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Wind turbines fail sooner than 
expected
• Gearboxes, blades, shafts, …
Atmospheric Boundary Layer (ABL)
• Size of most energetic turbulence 

structures ~ wind turbine disk

Study the response of blade 
boundary layer to forcing by 
Atmospheric Turbulence 
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Quantify length and time scales in the atmosphere 
relevant to non-steady wind turbine loads.1

Propagation of ABL turbulence into 
wind turbine OpenFOAM ABL-CFD 
domain

2

3
Interface ABL with blade boundary 
layer dynamics

Study the response of blade 
boundary layer to forcing by 
Atmospheric Turbulence 

NUMERICAL METHODS

NUMERICAL METHODS

PHYSICS OF ABL

4 Results
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Moderately Convective Boundary Layer 

NREL 5MW 
turbine
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ABL – Code
• Pseudo-spectral low dissipation
• Highly parallel –

Sullivan and Patton (2008) 

• Domain – 5km x 5km x 2km
• Grid – 512 x 512 x 256
• 14 m/s - Mean velocity @ Hub Height 

– Region III
Mesoscale – weather 

~ 𝟏𝟎 − 𝟏𝟎𝟎 𝒌𝒎

ABL - Eddies ~ 𝟏𝟎𝟎𝒎

B𝐥𝐚𝐝𝐞 𝐛𝐨𝐮𝐧𝐝𝐚𝐫𝐲 𝐥𝐚𝐲𝐞𝐫 ~ 𝟏𝒎𝒎

Daytime ABL

B𝐥𝐚𝐝𝐞 𝐯𝐢𝐬𝐜𝐨𝐮𝐬 𝐬𝐮𝐛𝐥𝐚𝐲𝐞𝐫 ~ 𝟓𝟎 𝝁𝒎 7



Quantify length and time scales in the atmosphere 
relevant to non-steady wind turbine loads.1

3
Interface ABL with blade boundary 
layer dynamics

Study the response of blade 
boundary layer to forcing by 
Atmospheric Turbulence 

NUMERICAL METHODS

NUMERICAL METHODS

PHYSICS OF ABL

4 Results

Propagation of ABL turbulence into 
wind turbine OpenFOAM ABL-CFD 
domain

2
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500m
500m

250m

Diameter – 126m, Rated power - 5MW @ 11.4 m/s and 12.1 rpm

OpenFOAM

Designed to capture blade 
boundary layer separation 
dynamics

Blade 𝑅𝑒 ~ 107

58 Million cells
~ 50 million near blade

Complex rotor fitted grid –
rotating mesh

Arbitrary Mesh 
Interface

9 Million cells
~ 5.5 million near blade
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Designed to capture blade 
boundary layer separation 
dynamics

Blade 𝑅𝑒 ~ 107

9 Million cells
~ 5.5 million near blade

58 Million cells
~ 50 million near blade

10



Vijayakumar et. al. 
AIAA 2012-0817

250m

Complex rotor fitted grid –
rotating mesh

Designed to capture blade 
boundary layer separation 
dynamics

Blade 𝑅𝑒 ~ 107

OpenFOAM (ABL)

Arbitrary Mesh 
Interface
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Quantify length and time scales in the atmosphere 
relevant to non-steady wind turbine loads.1

Propagation of ABL turbulence into 
wind turbine OpenFOAM ABL-CFD 
domain

2

3
Interface ABL with blade 
boundary layer dynamics

Study the response of blade 
boundary layer to forcing by 
Atmospheric Turbulence 

NUMERICAL METHODS

NUMERICAL METHODS

PHYSICS OF ABL

4 Results
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~ 100m
(eddy)

~ 3m
(chord)

(boundary layer)
~ 10-3m

1eq – LES of ABL

k-𝝎-SST-SAS

~ 100m
(rotor)
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Mesoscale – weather ~ 𝟏𝟎 − 𝟏𝟎𝟎𝒌𝒎

Rotor - ABL Turbulence ~ 𝟏𝟎𝟎𝒎

B𝐥𝐚𝐝𝐞 𝐛𝐨𝐮𝐧𝐝𝐚𝐫𝐲 𝐥𝐚𝐲𝐞𝐫 ~ 𝟏𝒎𝒎

B𝐥𝐚𝐝𝐞 𝐯𝐢𝐬𝐜𝐨𝐮𝐬 𝐬𝐮𝐛𝐥𝐚𝐲𝐞𝐫 ~ 𝟓𝟎𝝁𝒎

B𝐥𝐚𝐝𝐞 𝐜𝐡𝐨𝐫𝐝 ~ 𝟏𝒎
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k-𝜔-SST-SAS

LES of ABL

NREL 5MW 
blade

Iso-surface of 
𝐹11𝑒𝑞𝑆𝐴𝑆 = 0.5
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Advection Diffusion Production Dissipation term
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Vijayakumar et. al. 
AIAA 2014-0867
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Quantify length and time scales in the atmosphere 
relevant to non-steady wind turbine loads.1

Propagation of ABL turbulence into 
wind turbine OpenFOAM ABL-CFD 
domain

2

3
Interface ABL with blade 
boundary layer dynamics

Study the response of blade 
boundary layer to forcing by 
Atmospheric Turbulence 

NUMERICAL METHODS

NUMERICAL METHODS

PHYSICS OF ABL

4 Results



Blade surface data without interpolationSampling on cut planes rotating with the inner domain

Interpolation to a coarse mesh for 
volumetric analysis
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Disk 10m in front of blade
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•

•

• ~ 1 𝜇𝑚
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1

2

3
The turbulence structures ~ 𝑶 𝒓𝒐𝒕𝒐𝒓 𝒅𝒊𝒔𝒌 cause the 
largest fluctuations in the integrated loads primarily 
through changes in the angle of attack.

Energy containing scales in ABL 
~ NREL 5MW turbine disk
~Multiple rotation time scales

Simulation across scales 

~ 9 orders of magnitude.
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